Introduction {#Sec1}
============

*Bordetella bronchiseptica* is a widespread gram-negative coccobacillus that causes respiratory diseases in wide range of mammalian species. Currently, it is a well-recognized etiological agent in many domestic and wild animal diseases including tracheobronchitis, conjunctivitis, rhinitis, and pneumonia (Garbal et al. [@CR8]; Petrovic et al. [@CR23]). In particular, it is one of the primary causative agents of atrophic rhinitis and bronchopneumonia in swine (Moore and Kern [@CR17]; Prüller et al. [@CR25]; Chen et al. [@CR4]). The characteristic lesion of atrophic rhinitis is atrophy of the nasal septum and turbinate, leading to facial deformation (Petrovic et al. [@CR23]; De Jong and Nielsen [@CR6]; Brockmeier et al. [@CR3]). This impairs swine feeding and causes a reduction in growth performance resulting in great economic losses in the pig-rearing industry.

*B. bronchiseptica* is often isolated in mixtures with other bacterial or viral pathogens such as porcine reproductive and respiratory syndrome (PRRS) virus, porcine respiratory coronavirus, swine influenza virus (SIV), *Haemophilus parasuis*, *Pasteurella multocida*, and *Streptococcus suis*, from respiratory diseases in swine (Chen et al. [@CR4]; Park et al. [@CR21]; King et al. [@CR13]). *B. bronchiseptica* infection predisposes the upper respiratory tract to colonization with secondary pathogens including *P. multocida* and *S. suis* (Brockmeier [@CR2]; Pósa et al. [@CR24]). *P. multocida* inefficiently colonizes by itself, while *B. bronchiseptica* acts as a precursor for infection with *P. multocida.* In addition, pre-inoculation with *B. bronchiseptica* prior to *S. suis* resulted in elevated isolation of *S. suis* as well as increased incidence of pneumonia and mortality in pigs (Mengelers et al. [@CR16]; Vecht et al. [@CR28]). Presentation of *B. bronchiseptica*-infected mammalian animals can vary from asymptomatic cases to severe systemic infections. Generally, this infection leads to life-long chronic colonization in the host. Once infected, the infection is rarely eliminated from the host (Irie et al. [@CR11]).

Bacteriophages are tiny microorganisms that infect bacteria and proliferate within bacterial cells. After proliferation, the phages escape from the bacteria by destroying the bacterial cell wall (Forde and Fitzgerald [@CR7]; Hermoso et al. [@CR10]; Pepin et al. [@CR22]). Phages are very specific and can only selectively kill the target bacteria, not affecting other bacteria such as normal flora in animals (Leverentz et al. [@CR15]; Rees and Dodd [@CR27]). Although *B. bronchiseptica* was first reported in 1911, several studies have been performed with its bacteriophages. Several reports have revealed that *B. bronchiseptica* is isolated through antibiotic resistance to β-lactams, macrolides, etc. (Petrovic et al. [@CR23]; Prüller et al. [@CR25]; Biswas et al. [@CR1]; Dayao et al. [@CR5]; Niemann et al. [@CR20]). Previously, we reported that Bor-BRP-1 down-regulated *B. bronchiseptica*-induced inflammation (Park et al. [@CR21]). However, the physiological mechanism by which Bor-BRP-1 suppresses *B. bronchiseptica*-induced inflammation remains unidentified.

In this report, we demonstrated that *B. bronchiseptica*-induced inflammatory RNA expression can be effectively controlled by treatment with *B. bronchiseptica*-specific bacteriophage Bor-BRP-1 in vitro. Therefore, bacteriophages may function to suppress bacterial inflammation and may be a potential therapeutic candidate to eliminate *B. bronchiseptica.*

Materials and methods {#Sec2}
=====================

Materials {#Sec3}
---------

Swine nasal turbinate (PT-K75) cells were purchased from ATCC (CRL-2528; Manassas, VA) and cultured as previously described (Park et al. [@CR21]). Cells were prepared at 5 × 10^5^ cells/well in 6-well plates and incubated for approximately one day to reach full confluence. Cells were serum starved for 24 h before treatment.

bronchiseptica culture and Bor-BRP-1 bacteriophage production {#Sec4}
-------------------------------------------------------------

*B. bronchiseptica* strains (BB-01) were grown on Brain Heart Infusion (BHI) broth in a shaking incubator at 37 °C without antibiotics. The bacterial concentration was adjusted to 5 × 10^9^ cfu/ml based on OD 600 nm. According to a previous study, the inoculum of *B. bronchiseptica* to PT-K75 cells was selected at 1 × 10^7^ cfu/ml. Bor-BRP-1 bacteriophage was produced based on a previous study (Park et al. [@CR21]). Bor-BRP-1 phages were applied 24 h prior to *B. bronchiseptica*-infection (1 × 10^7^ cfu/ml) at 10 × concentration. One day after bacterial infection, the cells were lysed with TRIzol for RNA extraction.

Real-time quantitative PCR {#Sec5}
--------------------------

Real-time PCR was carried out on an ABI 7300 Real-Time PCR system (Applied Biosystems, Foster City, CA) with TB Green™ Premix Ex Taq™ II (RR820A, Takara, Japan). Reactions were performed in a total volume of 20 µl including 10 µl of 2 × SYBR Green PCR Master Mix, 300 nM of each primer, and 1 µl of the previously reverse-transcribed cDNA template. The following primers were used: porcine IL-1β, forward 5′-GAGCATCAGGCAGATGGTGT -3′ and reverse 5′- CAAGGATGATGGGCTCTTCTTC -3′; porcine IL-6, forward 5′- GCTGCTTCTGGTGATGGCTACTGCC -3′ and reverse 5′- TGAAACTCCACAAGACCGGTGGTGA -3′, porcine Muc1 forward 5′- GTGCCGACGAAAGAACTG -3′ and reverse 5′- TGCCAGGTTCGAGTAAGAG -3′, porcine GAPDH, forward 5′- AAGGAGTAAGAGCCCCTGGA -3′ and reverse 5′- TCTGGGATGGAAACTGGAAG -3′. All reactions were performed in triplicate. The relative quantity of mRNA was obtained using a comparative cycle threshold method and was normalized using GAPDH as an endogenous control.

Quant-Seq microarray {#Sec6}
--------------------

Total RNA was quantified with an Agilent 2100 bioanalyzer using the RNA 6000 Nano Chip (Agilent Technologies, Amstelveen, The Netherlands). RNA quantification was determined using an ND-2000 Spectrophotometer (Thermo Inc., DE, USA). The library was constructed using a QuantSeq 3′ mRNA-Seq Library Prep Kit (Lexogen, Inc., Austria) according to the manufacturer's instructions. In brief, 500 ng of total RNA was prepared, an oligo-dT primer containing an Illumina-compatible sequence at its 5′ end was hybridized to the RNA, and reverse transcription was applied. After RNA template degradation, second-strand synthesis was initiated by a random primer containing an Illumina-compatible linker sequence at its 5′ end. The double-stranded library was purified using magnetic beads for removal of all reaction components. The library was amplified to add the complete adapter sequences required for cluster generation. The finished library was purified from PCR components. High-throughput sequencing was performed as single-end 75 sequencing using NextSeq 500 (Illumina, Inc., USA). For data analysis, QuantSeq 3′ mRNA-Seq reads were aligned using Bowtie2 (Langmead and Salzberg [@CR14]). Bowtie2 indices were either generated from the genome assembly sequence or the representative transcript sequences for aligning to the genome and transcriptome. The alignment file was used for assembling transcripts, estimating their abundances, and detecting differential expression of genes. Differentially expressed genes were determined based on counts from unique and multiple alignments using coverage in Bedtools (Quinlan [@CR26]). The Read Count data were processed based on the quantile normalization method using EdgeR within R using Bioconductor (Gentleman et al. [@CR9]). Gene classification was based on searches in Database for Annotation, Visualization, and Integrated Discovery (DAVID, <http://david.abcc.ncifcrf.gov/>) and Medline databases (<http://www.ncbi.nlm.nih.gov/>). A Porcine Quant-Seq microarray was performed using the customized service provided by eBiogen Inc, (Seoul, South Korea).

Statistical analysis {#Sec7}
--------------------

Data are presented as the mean ± SD of at least three independent experiments. Where appropriate, statistical differences among the groups were assessed by the ANOVA test. Differences with *p* value less than 0.05 was considered statistically significant.

Results {#Sec8}
=======

Bor-BRP‑1 significantly inhibited *B. bronchiseptica*‑induced airway inflammation in PT‑K75 cells {#Sec9}
-------------------------------------------------------------------------------------------------

First, we performed cell viability assays and confirmed that neither *B. bronchiseptica* nor Bor-BRP-1 exhibited cytotoxicity in a dose- or time-dependent manner (data not shown). *B. bronchiseptica* administration induced inflammatory cytokine secretion and mucin gene expression to control the respiratory microenvironment in our previous study (Park et al. [@CR21]). In addition, Bor-BRP‑1 was challenged for 24 h in prior *B. bronchiseptica* infections. Bor-BRP-1 significantly decreased *B. bronchiseptica*-induced IL-1β, IL-6, and Muc1 expression (Fig. [1](#Fig1){ref-type="fig"}a, b). Muc1 is known as an anti-inflammatory mucin (Kato et al. [@CR12]). Since the airway inflammatory environment was decreased by Bor-BRP-1, Muc1 gene expression decreased proportional to the status of anti-inflammation. The results indicate that Bor-BRP‑1 dramatically suppressed the *B. bronchiseptica*-induced physiological phenomena by eliminating the bacteria.Fig. 1Bor-BRP-1 bacteriophage significantly decreased IL-1β, IL-6, and Muc1 gene expression in PT-K75 cells. The indicated cfu/ml of *B. bronchiseptica* and Bor-BRP-1 phages was administrated to confluent PT-K75 cells in 6-well plates for either 4 h (for cytokines) or 24 h (for mucin). RNA and cell lysates were isolated for specific quantitative real time-PCR (**a**) and ELISA (**b**). The figures are representative of three independent experiments. \**p* \< 0.05 compared with *B. bronchiseptica* only

Gene expression in response to Bor-BRP-1 treatment and B. bronchiseptica infection {#Sec10}
----------------------------------------------------------------------------------

To examine the impact of gene expression according to Bor-BRP-1 treatment and *B. bronchiseptic* infection, RNA sequencing was performed on each group of PT-K 75 cells. To investigate the effect of Bor-BRP-1 on *B. bronchiseptica*-infected cells, we classified the four sample groups as follows: (1) Control group with no treatment, (2) *B. bronchiseptica* infection group, (3) Bor-BRP-1 treatment group, and (4) Bor-BRP-1 treatment prior to *B. bronchiseptica* infection group. Cells were lysed using TRIzol to analyze the altered genes through a microarray.

Following normalization, a differential comparison of the expression profiles was performed. The normalized read counts were greater than 4, and the fold change (FC) was greater than 2, with a *p* value \< 0.05. A total of 304 DEGs was identified. Firstly, hierarchical clustering of RNA-sequencing data was conducted to view the global features of the data. The samples from each treatment group were normalized with a *z* score, and the statistical significance for differential expression was displayed among the groups (Fig. [2](#Fig2){ref-type="fig"}). Upregulation is indicated in red, and downregulation of a gene is indicated in blue. The results suggest that each comparison involved dramatic up- or downregulation according to treatment. These results showed a dramatic increase in the group of *B. bronchiseptica* infection but also a significant decrease in the group of Bor-BRP-1 treatment prior to *B. bronchiseptica* infection.Fig. 2Hierarchical clustering and heat map of RNA-seq data. Clustering of RNA-seq data generated in response to Control, *B. bronchiseptica* infection, Bor-BRP-1 treatment without *B. bronchiseptica* infection, and Bor-BRP-1 treatment 24 h prior to *B. bronchiseptica* induction groups. The heat map was generated using genes differentially expressed by at least twofold under two or more conditions. Downregulation of a gene is indicated in blue, and upregulation is indicated in red. Colors changing from blue to red indicate the differences in gene expression among the groups of control. Each row represents a single gene, and each column represents a group (color figure online)

Among a number of genes, we selected several inflammation-related genes that exhibited representative changes depending on the analysis (Fig. [3](#Fig3){ref-type="fig"}). The results showed remarkable upregulation in the group of *B. bronchiseptica* infection but significant downregulation in the group with Bor-BRP-1 bacteriophage treatment prior to bacterial infection. These results agree with those in Fig. [1](#Fig1){ref-type="fig"}. Taken together, these findings indicate that Bor-BRP-1 suppressed *B. bronchiseptica*-induced airway inflammation by altering the inflammation-related mRNA profile in swine epithelial cells.Fig. 3Selected genes from RNA sequencing. The genes resulted in marked upregulation in the group of *B. bronchiseptica* induction, whereas dramatic downregulation was exhibited in *Bor*-*BRP*-*1* bacteriophage treatment prior to bacterial infection. ACSM4, acyl-CoA synthetase medium-chain family member 4; RAB32, RAB32, member RAS oncogene family; GPN3, GPN-loop GTPase 3; BMPR1A, bone morphogenetic protein receptor type 1A; SERINC2, serine incorporator 2; LRP8, LDL receptor related protein 8; MRPS18B, mitochondrial ribosomal protein S18B; MPZL2, myelin protein zero like 2; MOSPD2, motile sperm domain containing 2. \**p* \< 0.05 compared with the control; \*\**p* \< 0.05 compared with *B. bronchiseptica* only

Functional enrichment analysis of DEGs {#Sec11}
--------------------------------------

To identify the changes in biological features due to bacterial infection and phage treatment, the identified DEGs were assembled and mapped into DAVID for functional enrichment analysis (Table [1](#Tab1){ref-type="table"}). The DEGs were enriched mainly in biological processes associated with immune response. For further details regarding the identified DEGs, pathways were analyzed using KEGG. Pathway analysis showed that the metabolic pathways of PI3K-Akt signaling and TNF signaling were significantly enriched among the DEGs (*p* \< 0.05, Table [2](#Tab2){ref-type="table"}). This indicates that signaling of Bor-BRP-1 mainly affected the PI3K-Akt pathway, TNF signaling, and AMPK signaling to suppress specific *B. bronchiseptica*-induced inflammatory signaling in swine epithelial cells. Therefore, Bor-BRP-1 may be a potential therapeutic candidate to eliminate *B. bronchiseptica.*Table 1Functional enrichment of the differentially expressed genes (DEGs)GO termFunctionCount*P* valueGenesGO:0045944Positive regulation of transcription from RNA polymerase II promoter144.844290657MEF2A, CREB3, COPS5, MITF, BMPR2, SMAD3, CCNC, IL33, CDK7, PARK7, PLAGL1, SHOX2, HEY2, PKD1GO:0006955Immune response113.806228374CSF2, IL6, CCL20, IL1B1, SLPI, SMAD3, CD70, OAS1, OAS2, SLA-5, LTBGO:0051607Defense response to virus93.114186851IFIT3, CD86, IFIT1, C2H19ORF66, RSAD2, OAS1, IL33, OAS2, MX2GO:0045087Innate immune response93.114186851CD46, TLR2, CNPY3, SLPI, RSAD2, OAS1, PTX3, MX2, SYKGO:0006366Transcription from RNA polymerase II promoter62.076124567PLAGL1, POLR2I, BMPR2, GTF2H4, CDK7, USF1GO:0006508Proteolysis62.076124567ACY1, CD46, ADAM17, CELA2A, MMP1, PLAUGO:0010628Positive regulation of gene expression62.076124567SPDYA, CSF2, CD46, TLR2, ITGB3, DTNBP1GO:0001701In utero embryonic development62.076124567SRSF1, MSX1, SMAD3, ANGPT1, SCO2, RTCBGO:0045071Negative regulation of viral genome replication51.730103806IFIT1, C2H19ORF66, SLPI, RSAD2, OAS1GO:0051603Proteolysis involved in cellular protein catabolic process51.730103806PSMB10, PSMA5, PSMB8, PSMB9GO:0032091Negative regulation of protein binding51.730103806IFIT1, SLPI, DTNBP1, PARK7, LRPAP1GO:0010468Regulation of gene expression51.730103806FUT8, EIF4A2, DDX39B, PRKAA2, PHLDA2GO:0001666Response to hypoxia51.730103806PLAT, NR4A2, SMAD3, USF1, PLAUGO:0006468Protein phosphorylation51.730103806SRPK3, NRBP1, SMAD9, PRKAA2, SYKTable 2List of pathway analys is of differentially expressed genes (DEGs)KEGG_PATHWAYCount*P* valueMetabolic pathways400.00204919PI3K-Akt signaling pathway120.090067616Rheumatoid arthritis111.33E-05Transcriptional misregulation in cancer110.001503855Influenza ADhandapani Arumugam100.009469765TNF signaling pathway90.002125179Measles90.007234067Herpes simplex infection90.041334494Non-alcoholic fatty liver disease (NAFLD)80.055703547Proteasome73.58E-04Chagas disease (American trypanosomiasis)70.026951108AMPK signaling pathway70.039284442Hepatitis C70.054732598

Discussion {#Sec12}
==========

*B. bronchiseptica*-induced respiratory disease creates several serious problems for swine producers (Prüller et al. [@CR25]; Nicholson et al. [@CR18], [@CR19]). In this study, we evaluated the therapeutic potential of the specific bacteriophage Bor-BRP-1 on *B. bronchiseptica*-infected swine nasal turbinate cells. To the best of our knowledge, this is the first study that suggests alternation of micro RNA expression profiles in the Bor-BRP-1 bacteriophage effect on *B. bronchiseptica*-infected cells. Treatment of Bor-BRP-1 for 24 h prior to bacterial infection showed significant inhibition of IL-1β and IL-6 secretion as well as Muc1 gene expression. Furthermore, we confirmed bacteriophage suppression of several genes of bacterial-induced increased expression by microarray analysis. The results of the study indicate that Bor-BRP-1 has therapeutic potential against *B. bronchiseptica*-associated respiratory disease.

As seen in Fig. [1](#Fig1){ref-type="fig"}, IL-1β, IL-6, and Muc1 gene expression was upregulated in the *B. bronchiseptica* induction group, whereas the genes were decreased in a dose-dependent manner when the Bor-BRP-1 phage was applied for 24 h prior to *B. bronchiseptica* infection. This is interesting because IL-1β and IL-6 are important mediators of inflammation even though Muc1 is a membrane-bound mucin that serves an anti-inflammatory role (Kato et al. [@CR12]). It is implied that Bor-BRP-1 could suppress release of proinflammatory cytokines as well as anti-inflammatory responses. We still do not fully understand the mechanism by which the specific phage controls bacteria-induced airway inflammation in swine airway epithelial cells. Therefore, this study mainly focused on identifying the action mechanism of Bor-BRP-1.

We characterized micro RNA expression profiles known as epigenetic components that modulate gene expression post-transcriptionally. The hierarchical clustering map with 272 genes indicated differentially expressed gene cross-groups from downregulation to upregulation (Fig. [2](#Fig2){ref-type="fig"}). Microarray revealed and qPCR confirmed increased gene expression in the *B. bronchiseptica*-infected group as well as decreased gene expression in the Bor-BRP-1-pretreated group, as shown in Figs. [1](#Fig1){ref-type="fig"} and [3](#Fig3){ref-type="fig"}. The result showed that the genes related to inflammation exhibited altered expression in the control, *B. bronchiseptica* induction, and Bor-BRP-1 treatment prior to *B. bronchiseptica* induction groups. In addition, the selected genes exhibited similar traits assumed to be affected by the specific bacteriophage to suppress *B. bronchiseptica*-induced intracellular changes by killing the bacteria.

There are certain limitations in our study. First, we assessed the cellular viability of the host cells but could not confirm biosafety of the bacteriophage for clinical use. Second, we verified a protective effect of the bacteriophage as pretreatment to bacterial infection, but we did not evaluate the bacteriophage effect after bacterial infection. Further studies need to be performed to determine whether the bacteriophage could eliminate the bacteria after infection with or without antibiotic withdrawal.

In summary, we identified a protective effect of Bor-BRP-1 in *B. bronchiseptica*-infected swine nasal turbinate cells when applied 24 h prior to bacterial infection. Importantly, Bor-BRP-1 did not affect the viability of the host cells and could be a powerful alternative medicine to *B. bronchiseptica*-induced airway inflammation. Future studies will be performed to identify the intracellular mechanism of bacterial elimination according to phage challenge.
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